32 Monitoring and Management
of Biological Soil Crusts
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32.1 Introduction

Monitoring is the collection and analysis of repeated observations so that
changes over time can be assessed. Typically, monitoring is used to evalu-
ate changes in landscape condition in relation to defined management goals.
The objectives of a monitoring program will determine the position in the
landscape in which measurements will be made and the period over which
data will be collected and assessed. Monitoring is often designed so that
measurements can be made by more than one observer, and the level of
change which is acceptable is usually determined before monitoring com-
mences.

The principal aim of monitoring is to provide an objective basis for either
changing or maintaining a current management practice. Thus, monitoring is
intimately associated with management, with a feedback of information to
the land manager and therefore the management process. In this chapter we
discuss how soil crusts can be monitored, and the role of grazing, fire, and
recreational use in the management of landscapes in which biological soil
crusts are a major component. Monitoring using remotely sensed techniques
are discussed in Chapter 31.

32.2 Crusts and Rangelands Monitoring

During the past century, rangeland managers grappled with methods to
assess the health and trend of landscapes (see Tueller 1988). Techniques con-
centrated on the recording of vascular plant attributes such as cover, frequen-
<y, presence/absence, abundance, and biomass of various species, particularly
perennial plants {Friedel and Bastin 1988; Friedel et al. 1988; Holechek et al.
1989; Milton et al. 1998).

While many scientists acknowledge the close links between biological soil
crusts and rangeland condition assessment (see Klopatek 1992), soil crusts
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and their component organisms have rarely been recorded during field-based
assessment {West 1990). Early efforts to classify the surface of soils and to
include biological soil crusts in these assessments were developed in the
semiarid woodlands of eastern Australia (Tongway and Smith 1989}, This
system was later refined and extended to other landscape types (Tongway and
Hindley 1995). In eastern Australia, the Department of Land and Water Con-
servation has been collecting data (including crust cover) on the condition
and trend of rangelands since the mid-1980s (Green 1992), and workers in the
western US {Pellant 1996; USDI 1997) have recently included crust cover as a
component of monitoring programs.

32.2.1 Long-Term Monitoring Efforts

Biological soil crusts are frequently monitored as part of a larger study rather
than being monitored for their own sake, and the length of time between
successive monitoring events will depend on the aims of the study and the
purpose for which the data are intended. Two examples of long-term monitor-
ing of crust cover illustrate how the data differ in their intensity of measure-
ment as well as in their level of input.

In eastern Australia the Department of Land and Water Conservation has
been monitoring rangelands condition since 1990 at more than 350 sites
(Rangelands Assessment Program; Green 1992). These sites comprise seven
rangeland types with distinct vegetation and soil communities. Vegetation
and soil characteristics are monitored at each 300X 300-m site within 52
0.5-m? quadrats placed regularly over the site. The cover of biological soil
crusts is assessed within each quadrat, along with assessment of plant cover.
erosion, and litter.

Long-term data from the Rangelands Assessment Program indicate
some interesting trends. Biological crust cover on three rangeland types
(ATVC, NFPL, SAND) was very low (<10%]) and changed little over time
(Fig. 32.1; see legends for interpretation of abbreviations). These land-
scapes are dominated by either clays or sands, and crust cover is intrinsi-
cally sparse. For the other four range types (GRAN, HRED, BLUE, ROBE;
there was a general trend of increasing crust cover over time, with short-
term increases and decreases in cover. Declining rainfall since 1990 re-
sulted in reduced vascular plant biomass (Eldridge and Stafford 1999} sc
that biological soil crust was more apparent under conditions of sparse
vegetation cover. In the absence of other data collected during the monitor-
ing program, the results could easily have been interpreted as a real in:
crease in crust cover brought about by some change in management o1
climate. The data also show that ground cover of vascular plants was highes
than average in 1995 and lower than average in 1997 in the granite (GRAN,
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Fig.32.1. Changes in mean (i standard error of the mean) cover (%) of biological soil
crusts at 350 sites within seven rangeland plant communities in eastern Australia from
1990 to 1997. Plains sites: BLUE Maireana sp.; GRAN granitic soils, Acdcia aneura and
Eucalyptus; HRED hard red earth with A. aneura; ROBE Alectryon oleifolius-Callitris
glavcophylla. ATVC plains and relict drainage lines with Atriplex vesicaria; NFPL relict
floodplains with perennial grasses; SAND sandplains with dense woody shrubs

Table 32.1. Mean (+ standard error of the mean) cover {%) for
moss and Coflema fenax in biological crusts of Virginia Park,
Canyonlands National Park, Values are means of 60 0.1 m? frames,
each containing 20 point hits, within three permanent 9.5-ha
plots in two grassland communities. The 1967 values are from
Kleiner and Harper (1977}

Hilaria community Stipa/Sporebolus community
Moss Collema Moss Collema
1967 2L1 9.5 19.2 17.9

1996 i854+28 196%20 17.6+34 19.1 £3.0
1997 23624 151+1.8 21.0+24 9114
1998 27.8+22 134%14 241423 111%1.1
1999 247+22 140zx 1.7 237422 70x1.1
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rangeland type, resulting in marked apparent fluctuations in cover of bio-
logical soil crusts,

In a study in southeastern Utah, biological soil crusts were sampled in two
grassland types (dominated by Hilaria jamesii and Stipa hymenoides/
Sporobolus spp.) in 1964 (Kleiner and Harper 1977) and then annually from
1996 to 1999. Values for both moss and Collema lichens were similar in 1964
and 1996 (Table 32.1). However, between 1996 and 1999, both communities saw
an increase in moss cover (>33 %) and a decrease in Collema cover (29 % in
Hilaria and 42 % in Stipa community). The biggest change occurred between
1996 and 1997, and may have been partially a result of increased cool-season
moisture in 1996, which would have favored mosses at the expense of Collema.

32.2.2 Monitoring Using Morphological Groups

Field identification of individual crust species can often be difficult, particu-
larly for broad-scale monitoring programs. As strong relationships exist
between the form (morphology) of biological soil-crust organisms and the
way in which they function in relation to disturbance and ecological pro-
cesses, morphological groups have been proposed as surrogates for species
for monitoring of crusts in arid areas (Kaltenecker 1997; Ponzetti et al. 1998;
Fldridge and Rosentreter 1999).

Morphological groups eliminate the need for exact determination of
genera and species and avoid the problems associated with complex, often
confusing changes in nomenclature. They allow easy identification that is in-
dependent of reproductive structures, and the ability to monitor more sites
more quickly with less specialized staff. Measures of cover and abundances
of morphological groups can be obtained more rapidly and simply than
measuring individual species. Morphological groups may be too coarse tc
allow the detection of rare species but can provide substantial information
about changes in biological soil-crust communities over time.

Kaitenecker (1997) used morphological groups to examine the recovery of
biological soil crusts after fire in Artemisia shrublands in southern Idaho
USA (Table 32.2). Unburned (control) sites were compared with burned sites
where perennial grasses had been sown as part of a postfire revegetatior
treatment, or where the site was left untreated and had become dominatec
by annual exotic weeds. Crusts were dominated by short mosses such a
Bryum lisae, B. argenteum, Ceratodon purpureus, and Didymodon rigidulus
along with a variety of lichens. The results indicated substantial differences
in cover of morphological groups between the three treatments (Table 32.2)
Thus, although individual taxa were not measured, information was stil
gained regarding biological crust dynamics in conjunction with changes tc
vascular plant community structure following fire.
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Table 32.2. Cover (%) of lichens and mosses, arranged
by morphological group, in unburned Arfemisia tri-
dentata communities (control) and two postfire treat-
ments (seeded and unseeded). Cover was assessed
using 20-m line intercept transects. {(Kaitenecker 1997)

Control Seeded  Unseeded

Lichens
Gelatinous 8.1 0.8 ¢
Crustose 3.8 0.4 g
Squamulose 2.4 0.2 0
Fruticoseffoliose 0.6 0 0
Mosses
All 538.5 45,1 35.0
Short 23.2 43,1 34.0

32.2.3 Field Techniques for Monitoring
32.2.3.1 When and Where to Monitor

The length of time between successive monitoring events will depend on the
aims of the study, the purpose to which the data are intended, climate of the
study area, and the composition of the biological crusts in question. Some
biological soil-crust components, e.g., phycolichens, grow very slowly, and
differences are difficult to detect over short periods of time (<5 years).
Others, such as bryophytes, cyanobacteria, and several cyanolichens, can re-
spond more rapidly, particularly in moist, cool weather. Most monitoring
efforts occur during the peak growing season to measure the full biological
potential of the site. As some crust groups are difficult to detect when the soil
surface is dry, soils can be sampled during naturally moist periods or by artifi-
cially moistening the surface prior to measurement (Rosentreter 1986;
Kaltenecker 1997; Kaltenecker et al. 1999b).

Monitoring can be used to assess impacts of a specific land use, to measure
recovery, or to ascertain normal background variation in crust populations,
and location of sampling sites will vary depending on intent of the effort. In
areas of active disturbance, soil crusts are likely to be best developed in areas
protected from trampling such as under shrubs, or adjacent to obstacles such
as fallen trees and rocks. Shallow rocky areas often provide refugia for crust
organisms which have been destroyed by trampling. However, these refugia
may not reflect the exact potential of the area in question. For instance,
species composition and percent cover under shrub canopies and on shallow
soils can be quite different than those found in interspaces or deeper soils.
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Repeated sampling of relatively undisturbed reference sites is often critical in
order to measure recovery rates and natural variation in crusts in the absence
of disturbance,

32.2.3.2 How to Monitor

Biological soil crusts are typically measured using standard or slightly
modified rangeland assessment techniques. The size of the sampling unit
should be appropriate to the size, density and spatial distribution of the
organisms being studied, their habitats and the nature of the impact being
investigated. For example, the impacts of off-highway vehicles on crust com-
munities may be best examined by using repeated photo-points, remote
sensing, or aerial photography interpretation on large plots of up to several
hectares in size. Where finer-scale assessments are needed, line-intercept or
quadrat methods, stratified within relevant vegetation or soil zones, are more
appropriate. The size and number of samples will depend on a compromise
between statistical considerations and what is feasible.

Line-Intercept and Line-Point Methods. Line-intercept methods, where the
proportion of the line comprising various species or groups is measured, are
generally best for communities where the vegetation (including the biologi-
cal soil crust) is strongly patterned and soil-crust organisms have distinct
boundaries. Line-intercept is difficult in densely crusted and species-rich
areas, or where individual crust species are intermingled (Kaltenecker 1997).
As soil-crust organisms are very small, the line must be placed near the soil
surface in exactly the same location at each measurement time. This can be
achieved by placing permanent markers such as steel stakes along the route
of the line. Line-point methods differ in that entities are recorded at pre-
determined or random points along a line. These methods are easier 1o usc
than line-intercept where vegetation is not strongly patterned, but a large
number of points may be required for statistical efficiency. A variant of
the line-intercept method is the short-focus telescope (Pickard and Seppelt
1984).

Quadrat-Based Methods. Quadrats are generally effective where soils are
sparsely crusted, or where crusts occur in distinet patches. As in vasculal
plant studies, quadrats may be nested. Cover is relatively quick and easy 1c
assess, and can be recorded by individual species or by morphological group
In Australia, frequency and cover of the soil crust is commonly assessed ir
0.5-m? quadrats (Eldridge and Bradstock 1994; Eldridge 1996, 1999; Eldridge
and Tozer 1996). Quadrat size may be reduced where crust cover is dense 01
greater detail is required. For example, Rogers and Lange (1971) used
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quadrat size of 15x 15cm to examine changes in soil-crust floristics in rela-
tion to stock watering points in semiarid and subtropical Australia. Very
small cores of soil crust (circular quadrats) can be extracted and assessed in
the laboratory under a microscope (Eldridge et al. 2000). Rectangular plots
of 20X 50cm are frequently used to monitor shrub-steppe vegetation, in-
cluding crusts (Daubenmire 1959; Ponzetti et al. 1998) in the western United
States.

Cover in quadrats can be estimated using either cover classes or point-
quadrat methods, and whilst both methods are comparable (Ponzetti et al.
1998), there are tradeoffs in efficiency and effort, Trained recorders can
quickly and consistently read many plots using ocular cover classes in a rela-
tively short period of time. Point-quadrat methods can be less subjective, but
uncommon species are often missed and species diversity may be under-
estimated.

32.3 Biological Soil Crusts and Rangeland Management

There are many factors to consider in the management of landscapes where
biological soil-crust communities are a major component. Total protection
from disturbance is often the easiest way to maintain or improve biological
soil crusts, but it is not often feasible or desirable. Biological soil crusts can
often be maintained by manipulating the type, intensity, timing, frequency,
duration, or extent of disturbance. The impact of various management
strategies on biological soil crusts can be assessed by comparing areas with
protected relic sites or rangeland reference sites (National Research Council
1994) which provide an indication of the ecological potential of a site.

32.3.1 Grazing

Management of biological soil crusts should aim to reduce the impact of
grazing when crusts are brittle or susceptible to compression. In high altitude
or cool-season rangelands, crusts on all soil types are least vulnerable to dis-
turbance when the soils are frozen or snow-covered (Chap. 27). On sandy or
sandy loam soils, crusts are less susceptible to disturbance when moist or wet
and on clay or clay loam soils when crusts are dry (Marble and Harper 1989;
Memmott et al. 1998). In general, early to mid-wet season grazing and light to
moderate stocking rates are recommended.

In the United States, implementation of rest-rotation strategies that mini-
mize the frequency of surface disturbance during dry seasons, and maximize
the period between disturbances, will reduce impacts to biological soil crusts.
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Winter grazing is beneficial to vascular plant communities, and can substan-
tially reduce the costs of supplementary feeding. Winter grazing also most
closely imitates the grazing behaviour of native herbivores (Burkhardt 1996).
Livestock should be removed before the end of the wet season to allow re-
covery of soil-crust organisms before the oncoming dry periods. Wet, muddy
conditions should also be avoided in order to prevent crusts becoming buried
(Kaltenecker and Wicklow-Howard 1994; Kaltenecker et al. 1999b). In Aus-
tralia, practices such as “low risk” or conservative stocking are recommended
to ensure that biological soil crusts are not destroyed by trampling. Conserva-
tive stocking involves the use of small groups of animals in a larger number of
paddocks, at stocking rates which are generally below the district average (see
Chap. 29).

In general, strategies which disperse livestock throughout the rangeland
rather than concentrating them in one location will reduce damage to crusts
(Eldridge and Greene 1994). Livestock can be dispersed by (1} locating water
(or other supplements) on sites with low potential for biological soil-crust
development such as on rocky areas, (2) providing more than one watering
point per paddock, (3) using brush barriers or fencing to discourage livestock
from moving across sensitive areas, Where stock are concentrated for feeding,
such as during droughts, feeding should be confined to the one small area to
minimize the damage to other areas. Livestock should be excluded from
reference sites, and sites with highly erodible soils or sparse plant cover. In
general, decisions on stocking levels and season of use should be made an-
naually, jointly by managers and users, with optimal coverage of both vascular
plants and biological soil crusts as the management objective (Kaltenecker
and Wicklow-Howard 1994; Kaltenecker et al. 1999b).

32.3.2 Fire

Prescribed fire can be a useful tool for manipulating the cover, composition
or vigor of vegetation communities. For example, burning may be useful or
more productive sites with low potential for exotic plant invasion to reduce
high woody vegetation densities resulting from overgrazing. However, bio-
logical soil-crust organisms are generally killed by hot ground fires, resulting
in loss of cover and species diversity (see Chaps. 28,29).

Historically, wildfires in semiarid and arid landscapes produced a patch-
work mosaic of burnt and unburnt patches. These were probably small
occurring at a scale ranging from individual plants to landscapes. This hat
also resuited in a mosaic of successional stages of plants and crusts, with
propagules readily available to replenish burned sites. Unlike many controllec
(manipulated) burns, wildfires were also relatively infrequent, allowing crus
organisms to recolonize burned sites before another burn. In the semiaric
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Lucalyptus woodlands in eastern Australia, researchers are using fire to alter
the vegetation community to make it more suitable for the reintroduction
of the mallee fowl, a large ground-dwelling bird. Whilst controlled burning
has benefited the native vegetation, if the fires are too frequent (> once every
16 years), the biological soil crust is converted into one dominated by cyano-
bacteria at the expense of lichens and mosses (Eldridge and Bradstock 1994).

There is now much evidence to show the strong links between the lack of
biological soil crusts and fire. In the western United States, overgrazing and
disturbance of crusts in Artemisia shrublands results in removal of soil crusts
and often invasion by annual grasses such as Bromus tectorum (West 1994).
Large, unnaturally frequent fires have become commenplace in these annual
grasslands. These fires often spread to adjacent intact shrub communities,
further destroying remnant patches of crust, and converting the shrublands
into grasslands (Whisenant 1990). Management of intact shrub communities
aims to maintain healthy soil crusts to prevent invasion by annual grasses.
This is being accomplished by grazing regimes to minimize disturbance of the
crust and reduce competition from exotic species, selective use of fire to
prevent fuel buildup, and restrictions on off-road vehicle use.

Management of burned areas aims to prevent reestablishment of exotic
plants whilst maximizing the recolonization of soil-crust species. Burned sites
are assessed to determine whether they will regenerate naturally or if they
require rehabilitation. Many burned sites require revegetation to stop exotic
plant invasion, and most techniques require some soil-surface disturbance.
This may appear inconsistent with recovery of biological crusts, but failure to
treat sites can result in irreversible dominance by annual species, which
prevents the return of well-developed biological soil crusts (Kaltenecker 1997;
Kaltenecker et al. 1999a). Similarly, it has been suggested that grazing can
reduce the vigor and cover of annual weeds such as Bromus tectorum. How-
ever, the effective use of livestock in controlling exotic annual plants has not
been demonstrated, and grazing late in the growing season may be detri-
mental to biological soil crusts as well as to native vegetation.

Once revegetated, protection from grazing and recreational use is often
necessary for recovery of the biological soil crust and the vascular plant com-
munity. Restoration can be enhanced by sowing local ecotypes of native
plants using seeding methods which minimize disturbance to the soil surface.

32.3.3 Recreational Use Management

Many recreational activities have similar impact as livestock, and therefore
the same management principles apply. However, there are also major differ-
ences. People are often more difficult to control, their access is often un-
limited, and they tend to go where they want, despite the use of barriers.
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People also have a greater affinity for open vegetation, as it is easier to walk
or drive through. Consequently, people are often harder to control than live-
stock. '

Concentration of recreational use is generally desirable, and the use of
designated campsites reduces the impact of haphazard placement of sites by
individuals. Trails minimize the amount of biological soil crust that is dis-
rupted by trampling, and in some high-value areas, walkways may be built
over the tracks to prevent soil damage. Campers and hikers can be educated
on where to place campsites, how to travel through country where there are no
tracks or trails, and how to use the environment without causing damage.

There are a number of general management practices which reduce the
impact on soils and soil crusts. These include: (1) restrict road locations to
less sensitive areas; (2) design roads and drainage to minimize erosion and
sedimentation; (3) promote extensive, low-density uses such as hiking and
backpacking during late fall and winter periods; (4) restrict access during
sensitive dry seasons; (5) restrict high-density, high-impact uses such as tree
cutting and firewood collection to short periods during late fall and winter.
and rotate these areas, ensuring long recovery periods of 5-10 years mini-
mum before they are reused; (6) exclude sensitive sites; (7) provide designated
trails, and restrict their use in high density recreational areas; (8} provide
interpretive guides and information on the value of biological soil crusts af
significant access points; (9) require analyses of the environmental impacts tc
biological soil crusts of all developments such as right-of-ways, oil, gas anc

- exploration permits, and permits to drill.

References

Burkhardt JTW (1996) Herbivory in the Intermountain West, An overview of evolutionar)
history, historic cultural impacts and lessons from the past. Station Bull 58. Idah¢
Forest, Wildlife and Range Experim Station, University of Idahe, Moscow

Daubenmire R (1959) A canopy-caverage method of vegetational analysis. Northwest S¢
33:43-64

Eldridge DJ (1996) Dispersal of microphytes by water erosion in an Australian semi-aric
woodland. Lichenologist 28:97-10¢

Eldridge DJ (1999) Dynamics of moss- and lichen-dominated soil crusts in a patterne
Callitris glaucophylla woodland in eastern Australia, Acta Ecol 20:159-170

Eldridge DJ, Bradstock RA (19%4) The effect of time since fire on the cover anc
composition of cryptogamic soil crusts on a Eucalyptus shrubland soil. Cunning
hamia 3:521-527

Eldridge D], Greene RSB (1994) Assessment of sediment yield froma semi-arid red eart!
soil with varying cryptogam cover, ] Arid Environ 26:221~252

Eldridge D), Rosentreter RR (1999} Morphological groups: a framework for monitorin
microphytic crusts in arid landscapes. ] Arid Environ 41:11-25



Monitering and Management of Biological Soil Crusts 467

Eldridge DJ, Stafford MR (1999} Rangeland health in the western Riverina: 1990~1997.
Dept of Land and Water Conserv, Sydney

Eldridge D], Tozer ME, (1996) Distribution and floristics of bryophytes in soil crusts in
semiarid and arid eastern Australia. Aust ] Bot 44:223-247

Eldridge D, Semple WS, Koen TB {20600) Dynamics of cryptogamic soil crusts in a
derived grassland in south-eastern Australia. Aust ] Ecol 25:232-240

Friedel MH, Bastin GN (1988) Photographic standards for estimating comparative yield
in arid rangelands. Aust Rangel ] 10:34-48

Friedel MH, Chewings VH, Basin GN (1988) The use of comparative yield and dry-
weight-rank techniques for monitoring arid rangeland. ] Range Manage 41:430-435

Green D (1992) Rangeland assessment in NSW, Proc 7th Bien Coaf Aust Rangel Soc,
Cobar NSW, pp 267-268

Holechek T, Pieper RD, Herbel CH (1989) Range management principles and practices,
Prentice Hall, Englewood-Cliffs, NT

Kaltenecker JH (1997) The recovery of microbiotic crusts following post-fire rehabili-
tation on rangelands of the western Snake River Plain. Unpubl MS thesis, Boise State
University, idaho

Kaltenecker J, Wicklow-Howard M (1994) Microbiotic soil crusts in sagebrush habitats
of southern Idaho. Contract Report. On file with: Interior Columbia Basin Ecosystem
Management Project, 112 E. Poplar, Walla Walla, WA 99362

Kaltenecker JH, Wicklow-Howard M, Pellant M (1999a) Biological soil crusts: natural
barriers to Bromus tectorum L. establishment in the northern Great Basin, USA. In:
Eidridge D, Freudenberger I (eds} Proc VI Int Rangeland Congr, vol 1. VI Int Range-
land Congr, Aitkenvale, Queensland, Australia

Kaltenecker }H, Wicklow-Howard MC, Rosentreter R {1999b) Biological soil crusts in
three sagebrush communities recovering from a century of livestock trampling. In:
McArthur ED, Ostler WK, Wambolt CL (eds) Proceedings: Shrubland Ecotones.
Proceedings RMRS-P-11, USDA Forest Service, Rocky Mountain Research Station,
Ogden, Utah, pp 222-226

Kleiner EF, Harper KT (1977) Soil properties in relation to cryptogamic groundcover in
Canyonlands National Park. ] Range Manage 30:202-205

Klopatek TM (1992) Cryptogamic crusts as potential indicators of disturbance in semi-
arid landscapes. In: McKenzie DH, Hyatt DE, McDonald V] (eds) Ecological indi-
cators, Elsevier, New York, pp 773-786

Marble JR, Harper KT (1989) Effect of timing of grazing on soil-surface cryptogamic
communities in Great Basin Jow-shrub desert: a preliminary report. Great Basin Nat
49:104-~107

Memmott KL, Anderson V], Monsen SB (1998) Seasonal grazing impact on cryptogamic
crusts in a cold desert ecosystem. ] Range Manage 51:547-550

Milton S}, Dean WR], Ellis RP {1998} Rangetand health assessment: a practical guide for
ranchers in arid Karoo shrublands. ] Arid Environ 39:253-265

National Research Council (1994) Rangeland health - new methods to classify, in-
ventory, and monitor rangelands. National Academy Press, Washington, DC

Pellant M (1996} Use of indicators to qualitatively assess rangeland health. In: West NE
{ed) Rangelands in a sustainable biosphere. Proc Vth Int Rangel Congr, Salt Lake City,
Utah, pp 434~435

Pickard ], Seppelt RD (1984} Phytogeography of Antarctica. ] Biogeogr 11:83-102

Pongzetti ], Youtie B, Salzer I, Kimes T (1998} The effects of fire and herbicide on micro-
biotic crust dynamics in high desert ecosystems. Final Rept Nature Conservancy of
Oregon Forest and Rangeland Ecosystem Science Center, Biological Resources
Division, US Geological Survey, Portland, Oregon



468 R. Rosenireter et al.

Rogers RW, Lange RT (1971) Lichen populations on arid soil crusts around sheep
watering places in South Australia. Oikos 22:53-100

Rosentreter R (1986) Compositional patterns within a rabbitbrush (Chrysothamnus)
community of the Idaho Snake River Plain. In: McArthur ED, Welch BL (eds} Proc
Symposiam: Biology of Artemisia and Chrysothamnus, Gen Tech Report INT-200,
Ogden, Utah, pp 273-277

Tongway DJ, Hindley N (1995) Manual for assessment of soil condition of tropical
grasslands, CSIRO, Australia

Tongway DJ, Smith EL (1989) Soil surface features as indicators of rangeland site
productivity. Aust Rangel ] 11:15-20

Tueller PT (1988} Application of plant sciences to rangeland management and inventory.
Martinus Nijhoff/W junk, Amsterdam

USDI {1997) National resource inventory: Celorado pilot handbook. Bureau of Land
Management, Denver, CO

West NE (1990) Structure and function of microphytic soil crusts in wildland eco-
systems of arid and semi-arid regions. Adv Ecol Res 20:179-223

West NE (1994) Effects of fire on salt-desert shrub rangelands. In: Monsen SB, Kitchen
SG (eds) Proceedings, ecology and management of annual rangelands. General Techn
Rept INT-GTR-313. US Dept Agric, Forest Serv, Intermountain Res Stn, Ogden, UT; pp
170-175

Whisenant SG {1990} Changing fire frequencies on Idaho’s $nake River Plains: ecological
and management implications. In: McArthur ED, Romney EM, Smith SD, Tueller PT
(eds) Proc - Symp on Cheatgrass Invasion, Shrub Die-off, and Other Aspects of Shrub
Biology and Management. General Technical Report INT-276. US Dept of Agric,
Forest Serv, Intermountain Res Stn, Ogden, UT, pp 4~10



